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Abstract 
Normally in practice the situation of a slab-column structure is rarely analyzed after the occurrence of a local breakdown. According to 
the regulations quoted in CSA A23.3 an adequately calculated bottom reinforcement crossing above the column may be applied 
preventing a further development of the catastrophe. Instructions concerning such a structure are also contained in ACI 318 [1]. The paper 
presents the results of investigations carried out on model of slab-column connections in the scale 1:1. The aim of these investigations was 
to find out how far any additional bending moment resulting from the eccentric effect of the load affects the value of the destructive load 
imposed on the connection after its punching. Three variants of the position of the column in relation to the centre of the slab have been 
considered: the axial position, the position on a unidirectional eccentricity, and on bidirectional eccentricity. The tests were performed in 
two phases, viz. “Phase 1” preceding the punching and “Phase II” after punching to the complete destruction of the connection. Basing on 
these tests the results were compared with the standard, and it turned out that the cross-section of the reinforcement had been 
underestimated. Thus, it ought to be suggests that in the calculations the value of the ratio of the destructive force imposed on the column 
to the destructive load should be increased. 
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1. Introduction 
Investigative analyses of the behaviour of the supporting zone of slab-column structures within the range of their 
destruction due to punching have been widely carried out on hundreds of models, which permitted to develop various 
methods of calculations, including standardized ones. However, situations may occur in which due to various reason: (e.g. 
freezing of the concrete) the supporting zone is destroyed by punching. In such a situation, the design of the structure ought 
to prevented a development of the catastrophe. 
In literature a score of catastrophes of slab-column structures has been quoted, where the lack of an adequately 
constructed supporting reinforcement resulted in a complete destruction of the whole structure. One of such catastrophes 
occurred several years ago in Warsaw in Poland. This problem is not taken into considerations in the Polish Standards nor 
in the Eurocodes. Some propositions of preventing the occurrence of such situations may be found only in CSA A23.3 [3] 
and ACI 318 [1]. The author is familiar only with one series of investigations (besides their own two models [2], dealing 
with this problem, though in the scale 1:2 and only in the case of an axial load. 
In order to elaborate procedures of calculations permitting an accurate assessment of the reserve of the load capacity of 
the supporting zone after its destruction due to punching, reinforced concrete models of slab-column connections have been 
investigated in the scale 1:1. 
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2. Description of the models 
The investigations comprise three models constituting a fragment of the inner zone adjacent to the column, of a typical 
monolithic slab-columns structure. The investigated elements were characterized by the same geometry, a similar strength 
of the concrete and the same degree of the bottom and upper reinforcement. These elements were square slabs with a 
dimension of 2.65×2.65 m and a thickness of 20 cm, supported by a columns with a square cross-section of 40×40 cm 
and a bight of 50 cm. The column way placed in three different positions in relation to the centre of the slab (e.g. Fig. 1), 
viz. axially (model I), on the unidirectional eccentricity (model II) and on the bidirectional eccentricity (model III). The 
reinforcement consisted of two parallel grids of bars with a diameter of 12 mm in the bottom layer and 16 mm in the upper 
one. In each model a bottom reinforcement was applied, crossing above the column (two bars each in every direction) with a 
diameter of 16 mm made of reinforcing steel class C ( ukε >7) in compliance with EC2 (2010). The reinforcement of the 
column consisted of eight straight bars with a diameter of 20 mm, distributed around its circumference. The cleading of all 
the bars of the main reinforcement of the slab amounted to 20 mm, and that of the transverse reinforcement of the column to 
15 mm. Fig. 2 illustrates the view of the reinforcement of an axially situated column. 
 a) b) c) 
Fig. 1. Geometry of the models – position of the column: a) axial, b) eccentricity in one direction, c) eccentricity in two directions 
 a) b) c) 
  
 d) e) 

Fig. 2. Draft of the reinforcement of the investigated elements:  a–c) view of the grids of the bottom and upper reinforcement (Model I,  
Model II, Model III), d–e) cross-section with the reinforcement of the column 
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3. Test stand 
The tests were performed on a test stand (e.g. Fig. 3) which can transfer not only the external vertical and horizontal 
forces, but also additional unbalanced horizontal forced directed towards its interior, amounting to 500 kN. 
The test stand has a specific construction which ensures a vertical positioning of the column, independent of 
asymmetrically imposed forces. The element of the column its situated in a special ferrule of steel, and its vertical motion is 
effected by a system of rolls (e.g. Fig. 4). View of the investigated model is presented in figures (e.g. Fig. 5, Fig. 6). The 
views of the model with the axially and eccentricity in one direction situated column are to be seen in Fig. 7. 
 
Fig. 3. View of the entire test stand 
                 
Fig. 4. View of the detailed positions of the column 
                              
 Fig. 5. View of the form for the preparation of the model Fig. 6. View of the investigated model -constructed model 
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Fig. 7. Model situated on the test stand previous to the tests: a) Model I, b) Model II 
4. Materials 
The models were reinforced by steel bars displaying a considerable ductility ( ukε  =13.8% > 7.5% at ø12 and 
ukε  =11.8% > 7.5% at ø16). As the relations /tk ykf f = 1.152 (ø12) and /tk ykf f =1.196 (ø16) are contained within the 
range 1.15÷1.35 and yield point exceeds in the case of both diameters 400 MPa, in compliance with EC2 (2010) both grades 
of steel have been classified as belonging to the class C. The mean results of investigations (results concerning 6 rough 
samples) have been gathered in Table 1 and presented in Fig. 8. 
Table 1. Mechanical parameters of rough bars, tested in compliance with PN-EN 10002-1:1998 
Diameterof the bar, 
[mm] 
Module of elasticity 
E, [GPa] 
Yield strength 
fyk, [MPa] 
Tensile strength 
ftk, [MPa] 
Total elongation at maximum force 
εuk, [%] 
12 199.138 503.2 579.9 13.8 
16 199.138 547.1 654.5 11.8 
 
Fig. 8. Relations σ–ε attained in the case of rough reinforcement bars. 
For the construction of the model sawdust concrete on slag cement and aggregate with a maximum diameter of the grains 
of 8 mm was applied. The material was always tested on the day of testing the model, according to PN-EN 12390-3:2002 
and the Instruction ITB no. 194. Table 2 presents the mean values of the mechanical parameters, always determined on six 
samples. 
Table 2. Mechanical parameters of the concrete according to PN-EN 12390-3:2002 
Model with situated column 
Module of elasticity 
Ecm 
Compression strength  
fc,cyl 
Compression strength  
fc,cube 
Tensile strength 
fcm 
[GPa] [MPa] [MPa] [MPa] 
axially 28.11 22.1 23.9 2.04 
eccentrically 29.47 24.2 26.13 2.21 
askew 28.89 23.5 24.6 2.16 
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5. Procedure of investigations 
The models were loaded by imposing on the base of the column a concentrated force excited by a hydraulic servo-motor 
(in the range up to 1200 kN), as seen in the diagram on presented in Fig. 9. The slab was fixed by means of 16 bolts is the 
test stand fastened to the floor slab of the laboratory. The bars of the bottom reinforcement crossing above the column 
protruded beyond the outline of the model. They were anchored in a special socket fixed to the test stand (e.g. Fig. 9) so that 
it could take over considerable forces caused by the punching.  
 
 
 
 
1 – steel block anchoring the bottom reinforcement  
passing through the column in the test stand 
2 – platform of the test stand 
3 – bars of the bottom reinforcement 
4 – bolts fastening the model on the test stand  
5 – investigated model 
Fig. 9. Diagram illustrating the load imposed on the model 
The models were designed in such a way that they would be punched first and the slab would not be damaged by its 
being bent. The reinforcement preventing its bending was determined as for an actual slab-column structure of columns 
spacing 6x6m including an additional service load of 5 kN/m
2. The reinforcement crossing at the bottom above the column 
was designed for transferring a force twice as large as the force responsible for the punching. 
The programme of the investigations comprised two phases. During the first one two cycles of loading were performed – 
the first cycle consisting in a preliminary loading and release of the model, the other one in loading the model until it was 
destroyed due to punching, and then the value of the force of the load dropped. Text the model was entirely released, the 
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bolts fastening the model on the test stand ware unscrewed. In the course of the second phase, after the punching the load 
was increased until one of the bars crossing above the column was ruptured, in result of which the force of the load dropped, 
following to which the model was again loaded until the subsequent bars crossing each other above the column ruptured. 
Up to the moment of punching the behaviour of all the models from the viewpoint of the morphology of scratching, 
displacements of the upper surface of the slabs and columns were consistent with the predictions. This problem is not, 
however, the subject matter of the present paper. After punching in all the models the value of the load dropped, after which 
the model was completely released and the bolts fastening the model to the test stand were unscrewed. Thus, the only 
elements connecting the model with the test stand were in the case of a further loading the bars of the bottom reinforcement 
above the column extruding out of the model (element 3 in Fig. 9). In the course of the next step the model was again loaded 
until the bars of the bottom reinforcement ruptured. 
The presented photos (e.g. Fig. 9a) show the upper surface of the model after its punching. Whereas destructions of the 
upper and lower surfaces of the slab, concerning selected models are presented on the photos (e. g. Fig. 10, Fig. 11). On the 
lower surface of the slab the largest destructions occurred in the region of the bars crossing each other above the column. 
The degree of the destruction depended on their being impeded by the transverse bars of the bottom reinforcement. 
The destructions in the zone of the column and the bending of the bars crossing each other above the column have been 
shown, too. 
In the course of the performed investigations the deflections of the central lines of the upper surfaces of the slabs as well 
as the displacements of the column as a function of the imposed load, were measured automatically. Besides that, the 
scratching on the upper surface of the slab have been taken stock of, too. 
     
Fig. 9a. View of the models destroyed due to their punching 
     
   
Fig. 10. Destructions of the upper surfaces of the slab, concerning selected models 
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Fig. 11. Destructions of the lower surfaces of the slab, concerning selected models 
The performed measurements permitted to determine the relations between the imposed load and the displacement of the 
column (e.g. Fig. 12). The value of the load was determined in the moment of the punching, when the bars crossing each 
other above the column ruptured (e.g. Table 3). 
 
Fig. 12. Diagrams of changes in the displacement of the column as a function of the load 
Table 3. Specification of the values of forces and the displacements 
 
Model with situated column Punching 
Loosening of  
the bolts 
Rupture of  
the bar I 
Rupture of  
the bar II 
Rupture of  
the bar III 
Force on servo-motor 
[kN] 
axially 539.9 0 428.0 240.1 158.2 
eccentrically 623.1 0 371.4 305.9 275.7 
askew 638.5 0 366.8 324.6 247.1 
Displece-ment  
of the column 
[mm] 
axially 16.2 22.3 447.6 463.3 481.6 
eccentrically 15.0 17.9 356.3 365.4 420.3 
askew 12.6 15.9 366.8 387.5 397.8 
 
After finishing the investigations the models were immobilized and the zones adjacent to the column were crumbled (e.g. 
Fig. 10). Then the reinforcement bars crossing each other above the column were inspected, measuring the angles of 
inclination and the radii of bending of the bars. The value of the resultant angle of indication of the bars of the 
reinforcement amounts in the case of an axially loaded column to about 22°, and in the other cases to about 24°–26°. 
                 
Fig. 13. The reinforcement bars crossing above the column 
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6. Synthesis of the results  
Table 4 presents the maximum forces after the punching Fmax in the respective models as well as the sum of the load 
capacity of all the bottom bars crossing each other above the column Ftot, determined in compliance with relation (1). 
 
1
,
n
i
tot tp i tk pF F f n A
=
= = ⋅ ⋅∑ , (1) 
where: n – number of bars crossing each other above column: n = 8; pA  – surface area of a single bar: pA =2.01 cm
2 (ø16). 
Moreover, basing on the standards CSA A23.3 and ACI 318, the load capacity of the supporting zone after punching Fcal 
has been calculated in compliance with relation (2). Assume compliance with ACI 318 in boundary state of the angle of 
inclination of the bars crossing each other above the column with a horizontal surface of 30°, the value of relation 
of the sum of forces in the bars versus the force of the applied load amounts to 2. 
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F
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f
=
≥∑ ⎯→⎯ sin30cal yk pF f n A= ⋅ ⋅ ⋅ ° , (2) 
Table 4. Comparison of the calculated values of destructive loads with the values obtained in the tests 
Model with situated column 
Fmax 
[kN] 
Ftot 
[kN] 
Fcal 
[kN] 
max
tot
F
F
 
axially 428.0 1052.4 439.8 2.459 
eccentrically 371.4 1052.4 439.8 2.834 
askew 366.8 1052.4 439.8 2.869 
 
For the sake of comparison table 5 presents the results of two tests [2] concerning analogical models with a column 
situated axially in relation to the slab, in which a reinforcement crossing above the column was applied constructed of 
another grade of reinforcing steel: model PI/12-1 (two beams of bars 2ø12 of steel class A) and model PI/16-1 (two bars ø16 
of steel class C). 
Table 5. Values of maximum forces: obtained experimentally and in calculations according to [2]  
Model with situated column 
Fmax 
[kN] 
Ftot 
[kN] 
Fcal 
[kN] 
max
tot
F
F
 
axially PI/12-1 386.01 451.2 963.6 2.49 
axially PII/16-1 422.54 427.5 1045.4 2.47 
 
The values of the load in the supporting zone after punching Fcal calculated in compliance with the standards, exceeded 
in all the cases the values obtained experimentally. In the model with the column situated axially the maximum force Fmax 
resulting from the investigations after the release of the bolts was 97.31% of the force Fcal, and in the case of investigations 
[2] 85.5% and 96.1% respectively. In the case of models with columns situated eccentrically in one or two directions the 
obtained values amounted to 83.8% and 82.7%, applying the force Fcal calculated in compliance with the recommendations 
suggested in CSA A23.3 and ACI 318. 
The values of the resulting angle of inclination of the reinforcement bars obtained experimentally is contained in the 
range of 22
o–27o and is lower than the angle 30o, assumed in CSA A23.3. 
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7. Conclusions 
In normal practice the situation of the structure in its state after the breakdown is rarely analyzed. There may, however, 
occur a situation brought about by factors already mentioned above, which may be prevented, at least theoretically, by 
applying a bottom reinforcement crossing above the column, as suggested in CSA A23.3 [3]  and ACI 318 [1]. The aim of 
such a reinforcement is to deter the development of the disaster when the supporting zone is destroyed due to punching. 
The maximum forces in the slab-column connection after punching Fmax, determined in the investigations were less 
than the values Fcal  calculated in compliance with the standards CSA A23.3 and ACI 318. This may lead to a dangerous 
overestimation of the calculated load capacity in this phase of the behavior of the structure. 
The coefficient 2.0 suggested in CSA A23.3 is in the light of the performed investigations too low even in the case of 
an axial situation of the column. Investigations concerning an axial situation of the column the obtained values of this 
coefficient amounted to 2.46 and 2.47 (according to Jasinski [2]), whereas in the case of a non-axial situation of the column 
the value of the coefficient was 2.83 and 2.86, respectively, in the model with the eccentricity in one or two directions. 
Thus, it may be suggested to increase in the calculations the value of the ratio of the force destroying the bars passing 
through the column to the destructive force Fcal from 2,0 (according to CSA A23.3 and ACI 318) at least to the value 2.5 or 
even 3.0 in slab-column connections, in which an eccentric effect is to be predicted. 
Acknowledgements 
These investigations were financed by the Operative Program of Innovating Management within the frame of the project 
"Innovating means and effective methods of improving the safety and durability of building structures and the infrastructure 
of transport in the strategy of reconciled development" POIG.01.01.02-10-106 and also sponsored by the Centre 
for Promotion of Steel Quality in Warsaw. 
References 
[1] ACI Committee 318. 2011. Building code requirements for structural concrete and commentary, American Concrete Institute, United State America. 
[2] Jasinski, R., Kupczyk, R., Starosolski, W., Wieczorek, M., 2009. Research of RC slab-column structures in the failure stage, Inzynieria i Budownictwo  
9, Poland. 
[3] CSA Standard A23.3-04. 2004. Design of concrete structures, Canadian Standard Association. 
[4] PN-EN 1992-1-1: 2004/AC. 2010. Eurocode 2, Design of concrete structures - Part 1-1: General rules and rules for buildings, European Standard. 
